The pksX gene cluster from Bacillus subtilis is predicted to encode the biosynthesis of an as yet uncharacterized hybrid nonribosomal peptide͞polyketide secondary metabolite. We used a combination of biochemical and mass spectrometric techniques to assign functional roles to the proteins AcpK, PksC, PksL, PksF, PksG, PksH, and PksI, and we conclude that they act to incorporate an acetate-derived ␤-methyl branch on an acetoacetyl-S-carrier protein and ultimately generate a ⌬ 2 -isoprenyl-S-carrier protein. This work highlights the power of mass spectrometry to elucidate the functions of orphan biosynthetic enzymes, and it details a mechanism by which single-carbon ␤-branches can be inserted into polyketide-like structures. This pathway represents a noncanonical route to the construction of prenyl units and serves as a prototype for the intersection of isoprenoid and polyketide biosynthetic manifolds in other natural product biosynthetic pathways.
mass spectrometry ͉ orphan gene cluster ͉ hybrid nonribosomal peptide͞polyketide ͉ polyketide methylation P olyketides and nonribosomal peptides are classes of secondary metabolites that are synthesized by the iterative coupling of malonyl (Mal) derivatives and amino acids, respectively. The catalytic machinery responsible for the biosynthesis of these natural products comprises modular synthases that incorporate, and often subsequently tailor, monomer units into the growing small molecule by a thiotemplated mechanism. Often, the sequence of protein domains and modules is colinear with respect to the sequence of biosynthetic reactions catalyzed by the polyketide synthase (PKS) and nonribosomal peptide synthetase (NRPS) machinery (1) (2) (3) . Because of their highly modular nature, the small-molecule products of PKSs, NRPSs, and hybrid NRPS-PKS systems can often be predicted by bioinformatic approaches, and there have been recent experimental validations of such predictions (4) (5) (6) . However, for many cases in which the biosynthetic product encoded by a given gene cluster is unknown, functional characterization of the synthase by bioinformatic methods alone is difficult or impossible.
One such orphan cluster for which the product structure is unknown is the hybrid NRPS-PKS pksX cluster from Bacillus subtilis (7) (8) (9) . Although the pksX cluster has been proposed to encode the biosynthesis of difficidin (7, 9, 10) , recent work has demonstrated that the NRPS portion of the gene cluster is active, disqualifying difficidin, which does not contain any amines, as a candidate for the biosynthetic product of this cluster (11) . Long thought to be cryptic, there is now evidence that it is responsible for the biosynthesis of a product that kills streptomycetes (P. D. Straight, M. A. Fischbach, C.T.W., and R. Kolter, unpublished results). Additionally, this cluster does not follow the usual NRPS-PKS colinearity rules because it has only three trans-acting acyltransferases that may load up to 17 of the 20 predicted thiolation domains of the cluster.
We were intrigued by a series of predicted ORFs within the gene cluster that appeared to be conserved across several other biosynthetic gene clusters (Fig. 1) . In particular, the gene clusters encoding the biosyntheses of curacin (10), jamaicamide (12), mupirocin (13), antibiotic TA (14) , and pederin (15) , along with the pksX cluster, all appear to contain the following features: (i) a freestanding thiolation domain (AcpK in pksX); (ii) a freestanding 3-hydroxy-3-methylglutaryl (HMG)-CoA synthase homolog (PksG); (iii) a freestanding ketosynthase (PksF); (iv) a run of two or more consecutive thiolation domains in the context of larger proteins (PksL); and (v) two domains homologous to enoyl-CoA hydratase superfamily members that may be freestanding or can be located within larger multidomain proteins (PksH and PksI). Other biosynthetic gene clusters, including those responsible for the biosyntheses of leinamycin (16) and onnamide (17) , contain subsets of these features. By comparison with the known product structures of homologous gene clusters, it has been suggested that this series of domains is responsible for the incorporation of a ␤-carbon (12, 13, (17) (18) (19) , which may subsequently be elaborated to diverse structures including vinylic chloride or cyclopropyl branches. We used a combination of biochemical and high-resolution mass spectrometric techniques to test this hypothesis, and we conclude that these proteins from the pksX cluster act to form a ⌬ 2 -isoprenyl unit atypically tethered to a PKS carrier protein domain.
Results
Protein Expression and Purification. The genes encoding PksC (33.7-kDa acyltransferase), PksF (46.2-kDa ketosynthase), PksG (48.0-kDa HMG-CoA synthase homolog), PksH (30.6-kDa enoyl-CoA hydratase homolog), PksI (29.0-kDa enoyl-CoA hydratase homolog), and AcpK (10.4-kDa freestanding thiolation domain), and the gene sequence corresponding to the consecutive thiolation domains in PksL (27.3-kDa PksL-T2) were cloned from B. subtilis genomic DNA and expressed heterologously as C-terminal His 6 -tagged fusions in Escherichia coli. In all cases, proteins were Ͼ90% pure by SDS͞PAGE analysis (Fig. 6 , which is published as supporting information on the PNAS web site). We also expressed AcpK and PksL-T2 in their phosphopantetheinylated holo forms by in vivo coexpression with the B. subtilis phosphopantetheinyltransferase Sfp (20) . The proteins isolated in this fashion were completely phosphopantetheinylated, as judged by HPLC and MALDI-TOF-MS analysis (data not shown). Furthermore, by demonstrating their abilities to be fully phosphopantetheinylated in vitro by Sfp, we confirmed that apo-AcpK and apo-PksL-T2 were properly folded (Fig. 7 , which is published as supporting information on the PNAS web site).
Characterization of PksC and PksF Activity. There are three transacting acyltransferases in the pksX cluster, but BLAST analysis suggested that PksC was most similar to Mal-loading acyltransferase domains. This predicted activity was validated by Fouriertransform mass spectrometry (FTMS), which indicated that when Mal-CoA was added, the protein increased in mass by 86 Da, consistent with formation of a Mal-acyltransferase intermediate (Fig. 8 , which is published as supporting information on the PNAS web site). To demonstrate that PksC was selective for Mal-CoA over Ac-CoA and methylmalonyl-CoA, it was incubated with all three substrates simultaneously, and we observed that only Mal was loaded onto PksC (data not shown). Next, we set out to verify that PksC could load AcpK. Incubation of holo-AcpK with Mal-CoA and PksC resulted in an 86-Da shift, in agreement with the formation of Mal-S-AcpK. Loading of holo-AcpK by PksC was determined by radioassay to occur at a rate of 4.2 M⅐min Ϫ1 (Fig. 8) .
Although annotated as a ketosynthase (8), PksF lacks the conserved cysteine necessary for Claisen condensation activity (21) . We hypothesized that PksF would still function as a decarboxylase to convert Mal-S-AcpK to Ac-S-AcpK. Examining PksF activity toward Mal-S-AcpK by using mass spectrometry resulted in a loss of 44 Da. No decarboxylation was detected when Mal-S-PksL-T2 was incubated with PksF, demonstrating that it is selective for Mal-S-AcpK (data not shown). Treatment of [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]Mal-S-AcpK with PksF gave similar results, with rapid PksF-dependent loss of radiolabel observed, to form [1-14 C]Ac-S-AcpK at a rate of 5.5 M⅐min Ϫ1 (Figs. 8 and 9, which are published as supporting information on the PNAS web site).
Characterization of PksG Activity. We hypothesized that PksG catalyzed the transfer of OCH 2 COO Ϫ from Ac-S-AcpK to a ␤-ketothioester polyketide intermediate linked to one of the consecutive thiolation domains of PksL, in a reaction analogous to that catalyzed by HMG-CoA synthase (22, 23) . We chose acetoacetyl (Acac)-S-PksL-T2 as a model substrate for this reaction. Incubating Acac-S-PksL-T2 with Ac-S-AcpK and PksG resulted in 60-and 120-Da mass shifts on PksL-T2, consistent with the formation of HMG-S-PksL-T2 in which one or both active sites were modified with HMG ( Fig. 2c and Fig. 10 , which is published as supporting information on the PNAS web site). To determine whether the formation of the HMG derivative occurred specifically on a single thiolation domain of PksL-T2, we generated two site-directed mutants, PksL-T2-S2634A and PksL-T2-S2775A, in which the serine residues bearing the phosphopantetheinyl arm in each thiolation domain were individually mutated to alanine. Autoradiography and mass spectrometry revealed that both Acac-S-PksL-T2-S2634A and Acac-S-PksL-T2-S2775A were substrates for the PksG-catalyzed reaction (Fig.  11 , which is published as supporting information on the PNAS web site). Inclusion of PksF resulted in a nearly identical mass spectrum, as was observed after treatment with PksG alone, demonstrating that PksF is not competent to decarboxylate HMG-S-PksL-T2 (Fig. 2d) . When Ac-S-AcpK or PksG was omitted, HMG-S-PksL-T2 was not observed ( Fig. 2 e and f ) . The HMG-S-PksL-T2 was further analyzed by tandem mass spectrometry. Infrared multiphoton dissociation (IRMPD), the tandem mass spectrometric method used, generated 13 y-fragment ions and 10 b-fragment ions. One major y-fragment ion at the N-terminal side of proline-67 (y66) reports on the C-terminal carrier domain of PksL-T2 and indicated that the mass had increased by 60.02 Da (Fig. 2g) . Furthermore, IRMPD resulted in an elimination fragment ion of the phosphopantetheine that has a 1ϩ charge (P.C.D. and N.L.K., unpublished results). This 1ϩ fragment ion had a mass of 503.152 Da, which was 60.022 Da larger than the Acac-loaded form of the phosphopantetheinyl group (Fig. 2h) , where the predicted mass shift for the conversion of Acac-S-PksL-T2 to HMG-S-PksL-T2 is 60.021 Da. We confirmed that this mass shift resulted from Ac transfer by combining [1- 14 C]Ac-S-AcpK with Acac-S-PksL-T2, leading to PksG-dependent transfer of radiolabel to PksL-T2 (Fig. 3A) . A small amount of nonenzymatic loading of holo-PksL by Ac-CoA was also observed by autoradiography and mass spectrometry (data not shown). When the experiment was repeated in the absence of PksL-T2, the radiolabel accumulated on PksG, suggesting that the reaction proceeds by an Ac-PksG intermediate, consistent with the mechanism of HMG-CoA synthases (22) (Fig. 12 , which is published as supporting information on the PNAS web site). As a control, [1- 14 C]Ac-S-PksL-T2 was combined with Acac-S-AcpK and PksG, and no transfer of radiolabel to AcpK or PksG was observed, demonstrating that PksG specifically recognizes AcpK. In a second control reaction, [1-14 C]Ac-S-AcpK was combined with Ac-S-PksL-T2 and PksG, and the radiolabel accumulated on PksG but not on Ac-S-PksL-T2, demonstrating that the transfer requires a ␤-ketoacyl substrate on the appropriate thiolation domain scaffold (Fig. 12) . Finally, when [2- 14 C]Mal-S-AcpK was combined with Acac-SPksL-T2 and PksG, a 5-fold greater extent of reaction was observed when PksF was included, confirming the role of PksF as a decarboxylase of Mal-S-AcpK and suggesting that PksG prefers Ac as a substrate (Fig. 3B and Fig. 13 , which is published as supporting information on the PNAS web site).
Characterization of PksH and PksI Activity. Based on analogy with the structures of mupirocin, curacin, jamaicamide, pederin, and antibiotic TA, we speculated that the steps subsequent to HMG formation were dehydration and decarboxylation to form an isopentenyl derivative. We hypothesized that PksH and PksI played a role in the final two net transformations. Treatment of HMG-S-PksL-T2 with PksI alone had no effect, but when PksH alone was added, a loss of 18 Da was observed, consistent with dehydration (Figs. 4b and 10). These results were confirmed by IRMPD, where the y66 fragment and the phosphopantetheinyl fragment ion confirmed the loss of 18.011 Da (Fig. 4 e and h) . We further examined whether PksI was capable of catalyzing the decarboxylation to an isopentenyl product. When HMG-SPksL-T2 was incubated with PksH and PksI, we observed a mass shift consistent with formation of the C 5 olefinic product, which was 62 (for dehydration and decarboxylation of one HMG unit) or 124 Da (for dehydration and decarboxylation of two HMG units) smaller than the HMG-S-PksL-T2 (Fig. 4c) . The loss of 62.002 Da was also confirmed by tandem mass spectrometry (Fig. 4 f and i) , where the calculated loss from a HMG-loaded carrier domain to the dehydrated and decarboxylated form is 62.000 Da. To determine the olefin regiochemistry of the decarboxylated product, we assayed for the presence of the ␣,␤-unsaturated thioester chromophore ( max ϭ 266 nm, ϭ 11,700 M Ϫ1 ⅐cm Ϫ1 ) (24) . We treated HMG-S-PksL-T2 with PksH and PksI and by UV spectrophotometry, we observed an increase in absorbance consistent with the presence of the conjugated olefin isomer (Fig. 14, which is published as supporting information on the PNAS web site). Proposed Pathway for Incorporation of ␤-Branches. The above experiments indicate that the biosynthetic products encoded by the pksX gene cluster include a single-carbon ␤-branched derivative. To corroborate the connectivity of the proposed branched product, we reconstituted the PksFGHI catalytic sequence by using differentially radiolabeled Mal-CoA analogs. Over the course of our proposed reaction sequence, C3 (Mal numbering) would be lost as CO 2 during PksF-catalyzed decarboxylation, C1 would be lost as CO 2 during treatment with PksI, and C2 would be maintained on PksL-T2 as one of the terminal carbons of the C 5 product. Consistent with this proposed series of events, when we treated [2-14 C]Mal-S-AcpK and Acac-S-PksL-T2 with PksF, PksG, PksH, and PksI, we observed stable radiolabeling of PksL-T2. In contrast, when the same experiment was performed with [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]Mal-SAcpK, we observed significant loss of radiolabel from PksL-T2 when PksH and PksI were added ( Fig. 5 and Fig. 15 , which is published as supporting information on the PNAS web site).
Discussion
The studies reported here establish the catalytic functions of five proteins found in the orphan pksX gene cluster from B. subtilis, PksCFGHI. We also identify roles for the freestanding carrier protein AcpK and the tandem T-T didomain in PksL. Collections of proteins similar to AcpK, PksFGHI, and tandem carrier domains such as those found in PksL have also been found in the curacin, jamaicamide, mupriocin, antibiotic TA, and pederin biosynthetic clusters (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) , and they appear to encode the biosyntheses of natural products that universally contain a single-carbon ␤-branch (18) .
This work demonstrates that this ␤-branch is incorporated by an HMG intermediate analogous to that formed in the mevalonate isoprenoid biosynthetic pathway (25) . PksG has similarities to HMG-CoA synthases that catalyze the coupling of Ac units derived from Ac-CoA with Acac-CoA by an acetylenzyme intermediate (22) . In the pksX cluster, PksG employs the strategy used in primary metabolism where acetate condenses with a ␤-ketothioester to generate an HMG-S-PksL intermediate. In this regard, the biosynthetic strategy used by pksX to incorporate single-carbon units into polyketides is a polarity reversal with respect to traditional methylation strategies, which use electrophilic methyl sources such as S-adenosylmethionine (26) . Notably, this polarity reversal also expands the set of potential methylation sites to include electrophilic ␤-carbons as well as nucleophilic ␣-carbons.
This gene cluster (and its orthologs; Fig. 1 ) also represents the use of a type II polyketide biosynthetic strategy. In type II polyketide biosynthetic gene clusters, such as that observed in the actinorhodin (27) , tetracenomycin (28) , tetracycline (29, 30) , and pradimicin (31) biosynthetic pathways, a single set of catalytic domains works iteratively, and a dedicated ketosynthase domain, in which a conserved cysteine is generally mutated to glutamine, serves as a decarboxylase to convert Mal into Ac monomers suitable to serve as starter units (1, (27) (28) (29) (30) (31) . In the present system, Mal-CoA from the metabolic pool serves as the Mal source to generate Mal-S-AcpK, a reaction catalyzed by the acyltransferase PksC. The Mal-S-AcpK is then selectively decarboxylated by PksF to generate the substrate for the subsequent PksG-catalyzed formation of HMG-S-PksL-T2.
In addition, the pksX cluster contains two proteins annotated as members of the enoyl-CoA hydratase superfamily. Based on the ability of enoyl-CoA hydratases to stabilize thioester enolate-like transition states (32), we hypothesized that they were involved in the dehydration and decarboxylation steps ultimately to generate the ␤-branched product. The net dehydration-decarboxylation sequence catalyzed by PksH and PksI represents a deviation from the typical isoprenoid biosynthetic pathway. In the canonical mevalonate pathway, the thioester of HMG-CoA is first reduced to the hydroxyl oxidation state by HMG-CoA reductase before being diphosphorylated to form 5-pyrophosphomevalonate (25) . This diphosphorylation converts C1 into a potential electrophilic center by S N 1 ionization, as observed in head-to-tail enzymatic prenyl transfer elongations. The role of C1 as electrophile is maintained in the noncanonical pathway reported here, in which C1 is an electrophilic thioester and thus can also be elongated, in this case by a decarboxylative Claisen condensation during ketide extension.
Subsequent to diphosphorylation, a third kinase step phosphorylates the C3 hydroxyl of 5-pyrophosphomevalonate to activate it as a leaving group before concerted dehydration-decarboxylation (25) . The concerted dehydration-decarboxylation sequence in the mevalonate pathway necessarily leads to the initial ⌬ 3 -isoprenyl pyrophosphate product. Such activation does not occur in the pksX reaction sequence; we note that whereas the C1 thioester serves to acidify the C2 protons in the noncanonical pathway, the C1 pyrophosphate in 5-pyrophosphomevalonate does not provide such activation, requiring an alternate means of enabling dehydration. We hypothesize that the discreet dehydration step catalyzed by PksH yields an ␣,␤-unsaturated thioester, a well known intermediate observed in PKS and fatty acid synthase pathways. This unsaturation pattern provides a low-energy path for decarboxylation followed by regiospecific protonation at C4 to yield the ⌬ 2 -isoprenyl product. The enzyme methylmalonyl decarboxylase represents a precedent for such decarboxylation activity in the enoyl-CoA hydratase superfamily (33) . The ⌬ 2 product can subsequently be elaborated by normal enzymatic routes. For example, isomerization to the ⌬ 3 isomer followed by ketide extension would yield the exo-methylene, such as observed in pederin. Enzymatic halogenation by the recently discovered class of non-heme iron halogenases (34-36) followed by isomerization or intramolecular displacement would yield the vinyl chloride (jamaicamide) or cyclopropane (curacin), respectively.
It is likely that PksG, PksH, and PksI and their analogs in the jamaicamide, mupriocin, antibiotic TA, and pederin clusters act on more complex ␤-ketothioesters in the actual biosynthetic pathways. By inspection of the latter product structures, it is relatively simple to predict the structure of the respective ␤-ketothioester substrates, where the HMG-CoA synthase homologs in particular clusters may impose specificity on the site of ␤-branching within a growing natural product chain by specific recognition of one T domain scaffold. When structural characterization of the small-molecule product of the pksX cluster is reported, the exact identity of the intermediate in this portion of the pathway should also become evident. However, based on the conservation of domain organization through multiple biosynthetic clusters, it is anticipated that pksF-pksI along with acpK and at least one of the consecutive thiolation domains in pksL represent a gene cassette encoding the incorporation of single-carbon ␤-branches.
In sum, the molecular logic and encoded catalytic and carrier protein machinery of a seven-gene cassette generating prenylated S-T domains by a noncanonical route from an HMG-S-T domain intermediate have been deciphered. These findings reveal how prenylation machinery and polyketide machinery converge in assembly lines that can account for ␤-branching patterns in a variety of natural products.
Finally, this work demonstrates the power of combining mass spectrometry with traditional biochemical methods toward the elucidation of the functions of orphan gene clusters. One of the most challenging aspects of the postgenomic era is to assign functions to ORFs in gene clusters for which there is no known functional role. This report presents the multienzyme characterization of an orphan NRPS-PKS system by high-resolution mass spectrometry. By high-resolution mass spectrometry we were able to observe the gain of 86 Da during malonylation of PksC, and we observed Mal transfer from PksC to AcpK and then the PksFmediated decarboxylation (Ϫ44 Da). The resulting Ac functionality, in a PksG-mediated reaction, undergoes an aldol condensation with Acac-S-PksL-T2 to yield a mass increase of 60 Da and 120 Da corresponding to the formation of mono-HMG-S-PksL-T2 and di-HMG-S-PksL-T2, respectively. Subsequently, we observed dehydration (Ϫ18 Da) when PksH was added followed by decarboxylation (Ϫ44 Da) when PksI was added. All six chemical steps were monitored by mass spectrometry to within 0.4 Da while the parent ion was observed; furthermore, when the proteins were subjected to tandem mass spectrometry, a gas-phase elimination reaction was observed that ejected the phosphopantetheinyl functionality, resulting in a mass accuracy of Ͻ0.007 Da, confirming that all of the substrates͞intermediates and products were covalently located on the phosphopantetheinyl group. The combined identification of the mass changes of the intact active sites with the very accurate mass in the elimination reaction makes mass spectrometry a front-line tool to study NRPS-PKS systems of unknown origin.
Materials and Methods
Full protocols for cloning and characterization of PksC and PksF activity are described in detail in Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
Overproduction and Purification of AcpK, PksC, PksL-T2, PksF, PksG, PksH, and PksI. BL21(DE3) cells containing expression constructs were grown overnight in LB medium supplemented with 50 g͞ml kanamycin at 37°C. These cultures were diluted 100-fold into LB medium supplemented with 50 g͞ml kanamycin at 37°C and grown to OD 600 Ϸ 0.5. Expression was induced by the addition of 400 M isopropyl ␤-D-thiogalactopyranoside, and cultures were incubated at 15°C for 16 h. Cells were harvested by centrifugation (10 min, 6,000 ϫ g), resuspended in lysis buffer (25 mM Tris͞500 mM NaCl, pH 8.0), and lysed by passage through a French press. The cell lysate was clarified by ultracentrifugation (35 min, 15,000 ϫ g), and the supernatant was incubated with nickel-nitrilotriacetic acid-agarose for 2 h at 4°C. Pure His-tagged protein was obtained by gradient elution (lysis buffer ϩ 5, 25, 50, 75, 100, 125, 150, or 200 mM imidazole). PksL-T2 and point mutants were exchanged into 20 mM Tris͞50 mM NaCl͞10% (vol͞vol) glycerol, pH 8.0, by repeated concentration͞dilution cycles, flash-frozen on liquid nitrogen, and stored at Ϫ80°C. Imidazole fractions that contained AcpK and PksI were subjected to gel-filtration chromatography on a Superdex S200 column equilibrated in 20 mM Tris͞50 mM NaCl, pH 8.0. Protein-containing fractions were combined, and glycerol was added to a 10% (vol͞vol) final concentration before being flash-frozen as above. For all other proteins, protein-containing fractions were dialyzed for 2 h at 4°C against 2 liters of 20 mM Tris͞50 mM NaCl͞10% (vol͞vol) glycerol, pH 8.0, and then 12 h at 4°C against 2 liters of fresh buffer before being flash-frozen.
Electrospray Ionization (ESI)-FTMS. HPLC fractions containing the active sites prepared as described in Supporting Materials and Methods were redissolved in 120 l of 50% water͞49% methanol͞1% formic acid and analyzed by ESI-FTMS. For mass spectrometric analysis, a custom 8.5-T ESI-FTMS mass spectrometer equipped with a front-end quadrupole was used (37) . The samples were introduced into the FTMS by using a NanoMate 100 for automated nanospray (Advion Biosciences, Ithaca, NY). Typically, 500 ms of ion accumulation per scan was used, and 50-200 scans were acquired per spectrum. The instrument was externally calibrated by using ubiquitin, 8,560.65 Da monoisotopic mass (Sigma). For the calculation of the masses of the proteins, the MIDAS analysis data station was used (38) . A mass-peak list of all of the observed ions was generated by using the software THRASH (embedded in the MIDAS data station) and͞or manual deconvolution. All masses in this paper are reported as the neutral monoisotopic mass. For tandem mass spectrometry, the ions of interest were isolated by using SWIFT and subjected to IRMPD (Synrad CO 2 laser; Synrad, Mukilteo, WA). The resulting fragment ions were then analyzed manually, and the masses were reported. All of the masses except for the 1ϩ phosphopantetheinyl elimination product are reported as the neutral monoisotopic mass. l of buffer containing 25 mM Tris, 1 mM tris(2-carboxyethyl)phosphine (TCEP; Pierce), pH 7.6, and 2 l of PksG (211 M) and allowed to incubate for 10 min at room temperature. The reaction was then quenched with 50 l of 10% formic acid. The final concentration of Ac-S-AcpK was 28 M, Acac-S-PksL-T2 14 M, and PksG 3.2 M. To see whether PksF had any HMG-S-PksL-T2 decarboxylase activity, 10 l of PksF was added (17 M). The samples were then purified by HPLC before mass spectral analysis.
Dehydration and Decarboxylation of HMG-S-PksL-T2 by PksH and PksI.
HMG-S-PksL-T2 was prepared as above. Subsequently 2 l of PksI (215 M), PksH (117 M), or both PksH and PksI was added, and the reaction was allowed to proceed for a further 10 min before the reaction was halted by the addition of 50 l of 10% formic acid. The samples were purified by HPLC before they were analyzed by mass spectrometry.
